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ABSTRACT 

The object of this thesis is to show the effect of a stiffener on 
the stress distribution in e flat plete, clamped at each end and 
centrally loaded with a single concentrated load. Models of three aspect 
ratios were constructed of Plexiglas ana these models were loaded in a 
specially constructed load frame to produce the isoclinic pattern. The 
effect of the stiffener wes found by comparing the pattern of the 
stiffened plate with tbat of the unstiffened piste. 

The results of the study are generally inclusive, due to distortion 
in the optical system of the poleriscope. However, there are trends 
indicated in the position of the isotropic points and in the slope of the 
isoclirics at the boundary, es well es the rate of change of direction of 
the principal stresses at the boundary that justify further study in 


the problen. 
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SECTION I 704 





INTRODUCTION 


This thesis is an attempt to show, through photcelastic phenomenon, the 
effect of stiffeners on the stress distribution in a flet plate under a single 
concentrated losd. The complets estress distribution may be determined photo- 
elastically from the isoclinicse and the isechromatics. In a qualitative 
sense, the effect of a stiffener may be seen by study of the lecclinics alone 
through comparison with the iseclinic patiern in an unstiffened plate. Since 
the largest portion of the time devoted to this thesis wee utilised in the 
design und construction of a loading frame and since certain limitations were 
found to exist in the particular polsriscope used for the analysis, it has been 
found necessary to limit the extent of the study to determination of the iso- 
clinic pattern for three uspect ratlos. A description of the loading frame is 
to be found in Appendix Il and the description of the modifieà poleriscope is 
given under the Details of Procedure section of Appendix I. 

The role of the stiffeners, in their ability to extend the range of 
stability of a flat plate, is well known and is suseepiible to nathematical 
analysis. However, relatively little is known about the effect of stiffeners 
at less than critical load. This situation applies perticularly te ship 
bulkheads, both longitudinal and transverse. It is a current practice to 
design these bulkheads on the basis of a normal water pressure loading and ts 
troat deck loads, which act in the plane of the bulkhead, as secondary 18۰ 
Except for tank bulkh ads, the designed water pressure lending of the bulk 
head is met only in time of damege to the ship and it is the deck losds which 
are the working leads. The Society of Naval Architecte and Marine Engineers 


has requested information concerning the ection of ths stiffeners in distributing 


the deck leads into the sides and bottom of the vessel. The problen has been 
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appreached by utilizing rectunguler flat lates Of various aspect ratios. 
Boundary conditions for the full ecele bulth at are extremely ¢iffieult to 
deteräine ind for thet ranson the modei asou in inte analysis save used tie 
ligitinz condition of full chemping at (tbe endo, 

peviout FOTK. 

in general, interest in the field of etiffencd pietlas hes centered 
around the problem of feilere by inetebility. Contidersble vork, both 
experimental end enalytical, hee been reported in the ticernzture, It is 
oniy neiurel th&t now That thie type of Ieilure is understocd there should be 
interest nrieing in the behavior of tne panela at Louds belor critical. 
Clearly, the interectior of pleta end etiffener ls e Sector of significance 
et ell losds. 

The ctress 2dietritution in deep beams hee been of increasing interest te 
eivil engineers ana work in this field ise felt to have applicability te the 
field of navel erchitecture. Bulkhesde in zarticuler, function as deep 
betan under the action of deck loud. Reference (13) grecents the analy- 
tiesl solution te the strane distribution in deep beams. Simple support 
4a secuned and seversl types of lor ding are used. It is shown that the 
shear distribution at tie quarter points ia parabolic, as predicted by time 
Beint Venant theory, for ssneact ratios of 2:1 or greater. (Aspect ratio is 
define! es the ratio of apen to depth). The depsrture from tuis distri- 
bution at smaller aspect retios is radical. 

Phote-elasticity has been y. favorite tool for instructionel purposes in 
many texts of strength of materials and elustleity. It is perticuinrly effsc- 
tive for besas end hes been frequently used For the verification of the stress 
Gictritution predicted by the Bernoulli-suler theory of flexure and to 


damonstrate the shift in neutral exis. For exemple, Professor Pilon, in (16) 
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shows that, in a simply supported bese, losded by 9 single centre] concentrated 
load and a purses couple, the isoclinic pottern in the vicinity ef the point 
of sero bending moment should be & sot of hyperbola. The erigin of the hyper- 
bolas La on the neutrel exis, et the point of zero bending moment, They inter- 
gect the free boundary at tw ey metrical pointe, at the point of sero bending 
moment, Phote-clestic confirmation of this is sigo preeented, Tre aspect ratis 
of the beaa used for the exparimonteal]l vor ves 1231, which te considerably ¿roster 
than the ratios used for this study. However, the beer loading avproximetee the 
conditions of the clamped end support, with the notable exception that warping 
of ihe cross sections is not restr&ined, Restraint of warsing causes comcid- 
ereble cberration in the stress pattern predicted from the Sernculli-fuler 
theory of flexure, 

In the same paper Professor Pilon investigates the areo ander the con- 
centrated load for confirmation of the distribution of stress which be predicted 


Yol 201, 1903. The effect of tie concentreted 





lead represents another departure from the Pernoulli-Euler distribution, 
Reference (3) contains e good diseussien of the effect and the anelyticel 
methoés available to deseribs it. In zenerei 1&4 la treated by considering the 
stress distribution in « sesi-infinite plate due to a single concentreted 
losd, This distribution in suserimpesed on the flexure stress predicted by 
the Bernoulli-~Buler theory end additional force syutems added to ooniorm to the 
boundary conditions. This ves first presented by Ceruse *ileon in Philosenni cel 
Mogesine, 1891, and, with refinements by û. G, Etokes, ravresonts & nenne of 
explaining sevoerol of the phenoment obsocved photo-elsestically. 

The aneiytleei solution of the stress Gistribution in a hort clumped 
beam hag not been presented to the best of this writer's knowledge. The 


restraint of warping chareocterietic of this type of support; us well یع‎ the 
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discontinuous nature of the voncentreted lost, weke solution of the differential 
equation tedious, Provably the wetind of Finite differences would Lead to 
results which could then be combined with the seui~infinite plete distribution 
to account for some of the cheracteriatics of the luvolinic pettern es ( resented 


in this study. 
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SECTION I 


o a xi‏ مي- AE‏ > عب 


PROCEDURE 





The original ceneept of this study involved the determination of the 
strese distribution in a stiffoned flat plate of photo-elegtic metería]. 
It fe regretted thet the design and eonatruction of the losding frame 
absorbed co much time that the isoclinic patiern hecane the primary objec- 
tive. Isoclinics aro the locu: oi all pointe of equel inoelinetion of the 
prineipel stress directions, sensured with respect to some fixed reference 
axis. 

The effect of tae ctilfener, as reflected in tae irociinio pattern, 
wes determined for three Plexiglas models. All models vers of twelve inch 
pan, but of various aspect ratios. These vere 531, 3:1, end 2:1. The 
models vere ciemped in the loading frase and positioned in the field of 
the polariseope. A concentrated Load of 400 pounds war applied end the 
isoclinic pettern traced. 

The isoolinies were first determined for the umstiffened models. 

A central stiffener wee then cewentec in place slong the shorter axis of 
syometry and a second series of isociinics determined for the stiffened 
models. In ell eases the stiffeners were 1/4" x 3/6" Plexigles and were 
&tieohed by use oi a volatile solvent, the principal ingredient of which 
was ethylene dichloride. 

The isoclinios vere determined at ten degree increments from O to 


90 degreee and et 45 degrees as well. 4 wore detailed discussion of the 


procedure is te be found in Appendix I. 
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(1) It appears that, for the configuration of plate and stiffener used 
for this study, the etiffener does mot mterisily affect tue direction of tae 
principal stresses, oxcezt in the immediate vicinity oF the stiffener. The 
effect at the boundary ie uncertain, due vo linitations in tue data. 

(2) For a deep rectangular beam, clamped at each end and subjected 
to a single concentrated coplanar losd at si¢-spen, there exist two negative 
isotropic pointe along esob freo boundery, loested at about the quarter points. 
The isotropic points locetedi along the leaded edga sre further from the exis ol 
eymmetry then those on tho lower, unicaded edge. These points represent the 
points of zero stress, which according te simpie flexure tneory should be 
located at the susrter points, 

(3) It cennot bs stated definitely that the stíiffener has any effect 
on the location of the imotrople pointe. However, the imformstion evelishle 
from thie study indicetes thet the stiffener ken more effect upon the lower 
Lectropic points than on the upper points. The Jsl amd Atl aspect ratio 
daociinic pattern chowa thet the lower igotrople point has beer coved toward 
the sxie of symmetry and that the movement is quite proncunced, in contrast 
to the movement of the upper point. “he plot of stress trejectories for tne 
311 aspect ratio unstiffened plate (Figure X) show thst significent chenges 
in the mature of s¿tregses slong the restreined boundary may result frog such 
e shift of the isotropic point, 

(4) There appears to be some effect from the stiflener in the rate of 
change of direction of the principal stresses along the restrained boandery. 
There ig no clesr-eut trend 38 « function 2f aspect ratio, but in general, 


the effect is opposite in Sireciion in the ujper snd lower quortors of the 


depth. 
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The validity ef the resulta depends to a large vatent upon the 
aceuracy of the date. The sccursey of the deks presented in this 
gtudy is felt to be uaxnosn within precise Limits, but, 0 general, 
is prebebly adequete for evaivation of the effect of the uti ffener, 
in a qualitative scenes. Figure [X shows the diatertion pattern of a 
ons-inch network au seen in bhe viewing giess., The nettork weg placed 
in the plane of the modal. This type of Giktortion is gnon as *pin- 
cushion distortion”" (9) and results from radiel veriebion in magnification, 
Professor Sears, im (9) aietes that this cen be corrected by proper 
location of the disphragmo, but, for tuis system, this wae not poasible, 
The situation wes circumvented by sketching the isoclinic paitern at 
several pointe in the model by powitioniag tae pointe sat tna canter of the 
light circle. The compenite patiern was determined by plasoisg tne 
verloun patterns in their proper relationsaip and then trocing the final 
pattern. Distortion waa atili present, porever, and smell sorrections 
vero made to wake tha isoolinice contimuoun. The resulte were not 
perfect, as geen in the exuggereted length c£ the 3s] and 5:1 5 
ratio patterns, 

A second source of Insseuraer a Toumi in ihe sloping srreagementa. 
This cauees a tbhree-dimengionsl stress system to exist in the viciniiy 
of the boundary. The isoclinies vere poorly defined in this region, 
especially st shout mid-depth. ‘this condition may bave been due te s 
slow rats of chsmge of the direction of Che princhpsl sireaaes. Tanig larver 
sendition probably is responsible foc uhe leck of definitiou experienced 


with the 2:14 secect ratio glate, In general, sowever, it in felt that 
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tho iseclinios ere correetiy Located within oneeaignath ol an inch 
end about five degrees at the Dboundsrieé ami that probabiy better 
results sre achieved in tae inteclor of the late. 

The stiffener saa very little affeet im the Location of the ieo- 
clinicas «nd, te s large witent, triz expiained by the nature oY the 
losding, The lead vr&s sppliíied to the siste, in order نا‎ meintein e tro- 


a 


isonsíonel stress sytten nd under these conditions, tne effect of the 
etiffaner would be Limited to tha region of plestic ¡loro Lf, nowever, tro 
stiffeners had been used, on opposito sides ol the siste, the stiff. 
eners could hove berne past of the loud eltnowt dicterting this tro} 
dimensions) etres2 syetan and under thie condition, the effect of the 
stifiener would have been greater. 

Tha position of the isctreste points say bo predicted, at leest 
“unliteativeiy, in the sense that the relative position of the points on the 
upper and lorer bousderies at esci. gusrter point way be retionslised, 
kt first thought, "intuition" wight lead one to sapal, thst the upper 
point would move toward the exis cf syanetry, due to rotation of the 
rose section under the effect of pure bending. Shear deflection would 
tend to ineresete tie shift, Hewever, the defivetion ef tne Jri nepert 
ratio plate under the 400-pound lest ia only 6.072 inches end the rotetion 
of the cross section at the point of cere bending coment Le only 0.018 
radians, This would indicate teet the celetive Gisplaeesont of the upper 
ind Lower points, due to pure beuding, io only 0.072 inehes, whiten ie 
mae: too mall ta be detected in the polariseopo. Furthermore, ine 
relative digplecement due te defleation is appowite in ¿£rection te thet 
observed. it ís sigo true tact displacement of the order observed sould 
be reflected in tüe distortion of the metwork acribed on tha surfsos ef 


the model. Ro euch distortion vss observed, 
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She Bersoulli-Euler theory oi Ülexure, otherviae known as simple been 
theory, is presented in texts of strength of westerizis and may ba used to 
predict the point of zero bending aozsnt. The equetions of elasticity 
may cise be used to credict the point af seru bress along the upper end 
lower boundary, These ura colncident wiih tke point of zero bending aoment, 
ef course, However, though vertelaly more elegant, the istter method 
reguirea the solution of « fourth degree homegeneus dilferentisl eqatien. 
Dus to the discontinuous nature of the concentreted load, it Le necessary 
to usc « Fourier series oT She method al fiuiso differences to solve the 
equation. The latter method le used in (13), for exemple. In an etteart to 
arrive at an &nslytiosl solution to the atrese dlatribution, this writer 
hee utilised a stress Punctien composed of the terms of segona, thin, and 
fourth erüer coiynosmisio to deseribe thes stress diskribution in a santi- 
lever loaded with « concentrated loud and s sonent st tne free end, She 
resenblange of this cease Lo the clampec beam ig clewe, sines the claaped 
end of the cantilever correrpamis to the zul af syametey of tne basa 
end vs epriled monent corresponds to the clamping moment of tho bean. 
However, this does not reprenent amy incresao of acsurney o'er tho sizjle 
besa theory for the purposes oF predieting the point of sero stress pieng 
the frou bowwiaries. Both metheds of attack pirse bhe isotropic point 
at tbe quarter point. 

áccerding to simple besa basang, the upper edge of a slemred prismatie 
bemm cenirolly londed with « concentrated Load ta subjected to s linear 
variation of stress. The siressa lk tensile at ine bounórcy, deorüsses to 
sero at the ¿uartaer pelnts amc revekes maximum compression at the mido 
point of the bean, The stress on Lie lower bounmdzry is similsr, slihougk 


of opposite character, It ia compressive al the boundary und recokes 
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maximus tension &t the zidepoint. 5s isoclinieo pniterna of Figures VI 
through VIII show that the iootrentio polate are not exantly at the juerter 
points end it pemikir to account foz inis. 

Frocht, in (3) desoribes tin apcoraxiwate solution fer the etrese 
distribution in a simply muppertei bean cü prepented by veras hileon in 


Mesegipe, 3492 and modified by Š, G. tokes, “his solution 





í& built up by thé superposition oF tne semnl-infinite plesie sirese pattern 
on the simple flexure etresaes. Thin ve,uires, for ejuilibriua, tae pres 
canes of radial sompreséive dountiary loads, which do not actuwily exist. 
Therefore, » third supernesition ef radial tensions ir made. the principle 
ef Seint Venent justifies the eubstitution of the siaticsliy اه ار‎ 
force system, This ls 4 vertical Teres of megnitude PF and tau opyositely 
directed horizontal rerces of sagnitude PIH » these are Logatec at the 
point of arplication o% the Losie 

The stress trajecteries of tne 211 sapect ratdo plete, Figure X, sbow 
strong similerity to tho oo-sxial emi redial stress trajectories, which sre 
Gharectéecilstio of Element) s solution to the dese of & conoentroted load on 
a s$6xí-infinits plate. Il vo subetitute the three-force sinileni squivre 
alent ef the concentreted losd, we sea that ibe teo horizontal forces create 
compreasion in the uj per fibers of the bean. Bherees in the ¢inply suppertad 
bean this yates resuits in a secondary tending moment, it seomE sore 
likely tit for the clumped beam the force ls carried direetiy intra tbe 
boundary ss compression. The existence of a compressivo virens in the 
upper fiber of the been, ouperimposed on Ihe atrent zetbern of pura beade 
ing) results in the urper isotropic poinu sewing toward the support. buch 
moeverent would axplein tie location of upper Laatreriec ngipi in the سو‎ 


elíinic patternü of Figures Vi througan VIII, 
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The strepa pattern of the clasped beam in only aproxima led by the 
&ssunption of shear support and applied moment ot thou boumieriea. Tee leading 
frans, by the nature of Ite eanatruction, creates « wore or leat uniform 
tension ln the leaded beams due Te restraint ol translation ef une ends of 
the bbeum und a more eouplex stréss eysten due to revirwint of warping. 
These stresses will, ef course, ماعط اتلك‎ the position of the laetropis peinte. 
The unifora tension tends to nift the upper peint toward We «xis of 
ayamétry and the lower point in the opposite direction, The swetrsiat of 
enrping etreseses are &enelle iu tes auger section of the oleate end compreé- 
give ín the lower, nonoa toe kowar point tends to shift toward the supporte 
und ithe upper vebnt towerd tus exis of symmetry. The iwel balence of 
these 5íresses detenaiaes ue relative josition of tne isotropie vointa. 

It is felt that the clamping aren detersiree, t a lerge extent, the rele 
tive impartence of the tension end restraint of warping etresses. 

the etiffener ia seen te affect the rosition of ihe isotrorie pointe 
for sil tha aseet ratios, altaough tre effect ia eont pronounced for ine 
Sth aspect ratio, ¿ne upper point ia shifted torar the rake of syshetry 
ami the lower point in the opposite direction. The 3:31 &spect rutio 
shows that the shift is segiigibie for the upper point and vasi the Lower 
point bas moved toward tne axie ol eymmetry. The 231 ratio shume the erge 
trend, the lower point being shifted stiil farther tomerd the axis of 
&eyacetry. This indicates that, affeciively, £ eomprescivo stress Ls 
imposed by the stiffener on the lower eige of the plate aml thet Lts 


magnitude varies with depth of the late, 
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la The essurasy of the Gate prociudes sy  wontitetive amalysis 
of the effect of s stiifener upon the stress Gistribition in a piste 
elempsd at the ends anü lowdeà with s single concentreted Load st 
nid-&pen, 

Zo The addition of e stiffecer, to such « loaded ¿let plate, گے‎ 
not in contact «ith the load has neglighbie affect en the direction 
ei the principle stresses. 

3. The stiffener say have some definite effect on the nebang, 
loostion of ísotropíe points, which thagratiselly arist on the free 
bounóeríersr at the quarter points. 

be $06 photo-slastic method rejruüsentes s convenient aethod for 


anglysin ef plates end deep beans. 
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io It is recommended thet this paoto~elaatioc study ba continued 
and that ssph&sis be placed ons 
R. «ccourete determinetica of the isotropic points, 
b, determination of the leochromstics, leading tío the 
complete solutien ci tne stress distribution, 
مه‎ detersination of the rete of cnange of inclination of 
the principai nxen at the boundary, 
d. utilisation of other boundary conditions, with especial 
enphasis on an elestie foundation, 
2. Future studies in (his direction should be made with sodels of 
& more senaitiva materiel, sach «as one of the Bakelite or Seteiin plestise. 
Recent development of د‎ salteble edheaive by th: Armatrom: v 





makes ine eonstruetion of builli-up models fessible, biiffsners should 
be located on both sider of modols subject to oo-phaner loads. 

3. it As recomnended that the load frame be modified by substitution 
of a steel lasing bese te reduce the deflectivn ami by reduction of the 


sike of the weighing tank to about helf tae present tise. 
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Phote-elasticity dependa upon the charucterietie ability of certain 
materials to exhibit temporary double refrection. These materials, of sich 
glass, gelatin, Plexiglas snd Celluloid are a few commen exenples, are 
optically snisetropie under stress and Light travels through them along the 
planes of principal stress. In effect, thon, they act ## « polariser aml 
will resolve incident light inte ixo mutucliy perpendiculs: planes. 

Light travels through the puoto-elestio sodel slong ineo priBeipsi 
planes and is refracted according to the well-known Snelle Law of refreetion. 
The index of refraction along a principal plune is è function of the atreses 
Level on thet plane, 268 well es the Level om the perpendioular piene. Trere- 
fore, the velocity of light eleng each principal plane may be different. Sucupt 
for the cesse of uniform tension or compression and pure shear, the velooity af 
Light íis € contímious function, varying from point to point along the stress 
trajectory. For this reason, light falling upon & stressed photo-elestis 
mcdel is separsted into tro perpendicular components which travel türough th 
model ut different velocities and emerge out of phase. 

The polariscops utilizes this cheraucteristic for ine detercinetion of 
the ieoclinics, which sre the looi of pointe at «hich tns inclination af the 
principal stress planea i5 a constant, sni for the laochrometies. These are 
the looi of points at which the difference of tre principal astrossos is 
a constant. It follows, therefore, that thay represent lines along which 
the maximos ehear is a constent, 


A besie polariscope might consist of a light source, & polarizer for 
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cresting yolarized iigbt and en snelyser, wnich resolves the two componente 
of light emerging from the model into € plane. A zomswnéet more refined ingtsl- 
lation vould nave & lens system lor concentrating cad collieabing the sight 
and tee querter—cave piates ior produeing Ghreuierly polarized wight from e 
monochromatic source, Desgoriptions of various errengenents are svalleble 
in eny text on the subject. The polarizer and axeiyeor used rior thle stady 
were twelve—inch folsroig sheets. There is no physical diilerence between 
a polerízer and an annlyser; they ere sv named to ceseribe theiy funetien 
in tbe polsríiécope. 
Light leeving the polarizer mey be representec as & vector, 
the ssgnitude of whlch may be written as: 
V = a cos (pt) (1) 
"aere V * vector 
6 @ awplituda of wibretion 
p * propagation [setor = 27f 
t * tire, seconds 
ibis ligat, upon entering the model, ie broken into two components; 
along the P axis; —& cos(pt) cos Q (2) 
slong tae q axie; a cos(pt) ein © (3) 
wheres © = angle between the plane of the polerizer and the 
P axis 
P a principal stress of largest slgebralo vaiue 
w = principal etresa of seat algebraic vaiue 
Tue Light emerging from the uodel le characterized by a phase difference 
existing betegen the tao components. inis may be represented by a tins 
dieplocezent, t, for the P axis and t, for the G exis. ihe components are 
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along the F axis; s cos 9 coe pi beta) (4) 
along tae Q axis; = sin Y cos p(i-tg) (5) 

The analyser muy be aligned with ite plane oi polaricsiion percpendicolar 
to that of the polerizer or pereliel to it, For the former acvangenent, the 
tro components chove are combined by tne adiiition of their componente in the 
direction of the unsiyser axie. Thess componente ill be of the opposite 
sense and cre ۵ ۶ 

P exis; & gos O sin © cos p(t-t4) (6) 
Q axis; -a cos ۵ win Y cos p( t-ta) (7) 
Thess two compomente are adued in the eualyger emi the following 


expression may be ótrily developed by the une of trigonometric identities: 


V =a cin 26 sin لماج طلم‎ sin zal) (8) 


The intensity of light 1s pragertional to ths pyuare of the amplitude 
and therefore ve see thet there ers tra gousibilities undar which extinction 
Mey take plece, If # = O, which requires that the plene oi rolerisetíon 
coincide sith tne direction of one oZ the principal strsses, thes extinction 
will occur. Recognizing thet the .usntity ریه‎ Pista. Lê proportlorel to 
the puse shift, we seo thet if the phase, timewise, is e uail to the period 
of the light, extinetion will else occur. This follows from the definition 
of p, ihe propagation factor. 

The first of these criteria le the basis for the existence of iso 
Glinics, The see nd eriteria is the besis for the formetion of the iseshre- 
metlcs, and depends on the difference of the principal stresses, the thickness 
of the model and the weve length of the incident Licht. 

This study coneerns itself with the isoclinics and therefore seme further 
Giseussion of these ilnes ia justified. If white Light is used, the isoclinios 


ere visible as 4 blac: bend, sore or lesa eharply defined depending on such 
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thinge asx the rate of chungs of the direction of the principal strerses, end 
improper losding; e.g., & thres-dimensional stress yotok. For a reletively 
insensitive unsterlal, suco es Pierágles or Klasse, tie isuenromatios will net 
Appear to any extent at the lov loeds re ui ed for izoclinics, binee the 
coturl magnitude of the stress i5 not « fastor in fermetioa of ísocilnics, un 
infinitesimel loud le theoreticelly sufficient. However, in practice, Light 
londs ere required to overcome initial or retiduel stress. For sensitive 
waterisls, some vccrkere fovor « relatively heavy Loed. (y? ¿hu Formation 
of eny pyortículer teeclinie ds indevendent of losa ana isoclivica ol any 
parcmeter are seen by retating the goleriser toa analyser to,etser to the 
desired angle. 

There ere some properties of isociiniecs woích should be brought out. 

Le Isoulínic lines do not interuect, exce, t al an ipetvepic point. bt 
cuch a point, tas primizjel stressvs are eouel Ln magnitude. Lf the megnitude 
be zere, the point is further classified عم‎ «a singuler isotropic point. if, 
at an isotropic point, the peranetere increase slockuíso, the point 15 des- 
cribed e$ a negative isetropic zoint ead if the direction of increasing pera- 
meter is counter clockwise, then it is gcsitive. There are seversi other 
eatezories, for which pee (16). 

2. Tae perameter of an isoclinie rhloh latersecis « free boundary at other 
then an isotro lo roint is defined by the inclination of tse normal or tangent 
to the boundery at the point of intersection, 

3, Heegnager’s theorem states thet the principal stresses tangent to a 
given stress trajectory ere s meximun or «inimum where an isociiníc iniernects 


the trelectory at right angles. It follows that, sv ë free bouniery, where ever 
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5 Numbers in carentheses refer to references in tha Literature Gitation 


in Appendix I,.(i). 
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The loa frame, whieh sbsorbed the greeter part of tbe time devoted 
to this thesis, ie descrited in Appendix ii. 

The polseriscope, as modified, cossisted of ۸ iight source, which 
utilised a 500-etft incandescent projection isap, s inch condensing lens, 
an 8-inch collimeting lens end a ig~inch diameter sheet of Polsroid, 
mounted in a calibrated rotating ring. 4 water bath vas located between 
the light source and the condenser iens end a dlaporas vag located e&t the 
center of least confusion of the condenser lene, Tne collirzsted light 
passed through the model and e second Polaroid sheet, was then collected 
by a d-inch condensing lens and focused on a ground glass ooreen. Tracing 
Paper ۵ وه می‎ the gereen and the jiso0iinies traced thereon. 

The modifications to the polariscope are largeiy in tie tro large 
esheets of Poleroid which served as polariser and anslyser respectively in 
the order described above. They replaced two Nicol prims which rere 
Located at the centers of leset confusion of the two condensing lens. 

The Nicol prisms, in tnheszselves were entirely satisfactory. It wes found, 
however, that the first of the B-inch Lenses wee carrying « residuel or 
frozen stress which created ite own isociinic pattern end distorted the 
pettern in the plate. By dismentling the isborstory!'s Polsroid poleriscope, 
used for demonstrations, and placing the Polaroid sheets between the two 
8-inch lenses, the effect of the frozen stress wss removed from the igo- 
elinic pattern. 

The use of ine Polaroid sheets created one additionel step in the 
work required. The polariser and «naiyser bed to be aligned ao thet the 


plene of polerization of the polarizer wae either vertical or horizontal 
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when the scale reading ses sero degrees, Fortunately, one of the sheets 
ves loose in its frame sed emule not be tigutessd. This wae used as the 
polerizer. A diamotrally loeded Bakelite ring wan elaca in the field 
*ith the axis of loading verticel. ihe Poleretd poluriser retaining 
frame wee set st zoro degrese or tao gale scribere &g&insi an index 08 
and the loose sheet rotated with the anslyaer to bring out the vertical 
isocliníc in the ring. The polarizer sheet wak then lixed in çemi Vien 
with respect to tue reteining frame by several stripe of cellopusne tape. 
Procesare 

fhe deterzination of the ieocliuics reyulred ihat the polarizer 

end analyser trensmitting esses be mutually perpendicular and that this 
relationship be maintained ts the polarizer iz rotcted te produce igo- 
Clinies of different perametere. This is the errengement which produces 
maximum extinetion if no mogel is in plece. The polerizer, since it hed 
beer set at zero degrees for the vertical direction and was marked in 
five degree inerezents to 90 degrees, wes felt to be otdmuete for determ 
ining the peremeter of the isoclinica, Therefore, to produce «ny lsoclinic, 
es for example the 30 degree isoclinic, the voleriser wes rotated to 30 
degrees and the analyser wee in turn rotated to produce makximua extinetion. 
The amount of rotution was marked on thu retaining ring of tne anelyser 
and over e series of rus fron 0 to 90 degrees, it wee found that the 
anilyser rotation, as judyed by observing the point of maximun extinction, 
was reproducible within one-half or & degree for my angle and, is general, 
wae better then that. Therefore, to reduce the time required to toke dzis, 
the anwlyeer getting was marked and used without furtuer cases for sach 


angles 
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The models rere constructed of 1/4" Plexiglas, « phote-elustic 
material of iow sensitivity. Three opset ratios vere used; namely 5:1, 
311, and 211, based on & cosmon span of 12 inches. ‘he overall spen vas 
14 3/8", there being 1 3/16" clamping eres at each end. The stiffeners 
were, in all eases, 1/4" x 3/4" Plexiglas and inese sere attmened to tie 
model slong the shorter exit of symmetry. The stiffeners sevo "welded? 
to the plate by soaking the contuct edge in the solvent for about five 
minutes. The solvent ves furnished by Forest Froduate, Inc. of Cambridge, 
Massachusetts snd it is understood that tie crincipsl ingredient ras 
ethylene dichloride. The stiffeners wers pleceù in perition on the model 
and pressed rltn weights to reseve any bubbles on ihe Interface. Before 
it wee completely eet, a fen drepe of the solvent vers pinced on the line 
of contact formed by the plate surface and the side el thse stiffener. 
These vere allowed io run evenly over the entire Longth and resulted in 
è fillet ns voll «s removing the effect of tny irregularitiet im the edge 
of the stiffener. 

Esch model wat marked vith a one-ineh grid and ther cleaced in the 
load frase. The zodels sere claaved betveen two sieces of hot-~-rolled 
steel vhich in turn were clamped by the Inner posts of the loud frsme. 

It le felt that the clamping bolts were set up uniformly at about 10 
pound-feet torque and that the tension in the bolts was about 1500 pounds. 
ine bolts vere eet up with e socket wrench which hed & lO-pound welgnt 
attached at the end. 

The square grid wee used to detercine the emount of dintortion in 
the syste: end to aid in zositloning the model in tha field to semure 
complete coverage. Due to tne distortion in the lens gyatem, it vas 


necessary to reposition the model at least four times to edeajuately cover 
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half the model. If ft had been josolbile to correct the "pin cushion" 
dístortion resulting from noneuniiora nsagnifíeation, the &sount of time 
requíred wouid have been sut in seit and the goracy of the data increased 
eonsiceraebly,. 

The iond was applied to Las model by e 1/2 diaseter losd point, 
acting on the plate through a 3/16" Kinsster load pin. The exis of tha 
leed pin wes hormal io tae plane Di tne plete. Tune Leni pin and pointer 
were acturately aligned over the pinte to insure two-igengionsl stress | 
distribution, for the sane ronson, the lotê didû Rol bear on the atiffenas, 
for the stiffened models. The weight of itae weighing tank by itself wns 
found io be sufficient to ¡rodues isociinics in eli the zodels. further 
leading seemed to charpen the isoclinics end for the sake of uniformity, 

w load of 400 pounds was used, Hater wen added to the weighing tank 
by operating the three-pay veive, which eag located et the strein indi- 
cator. 

Using white light, toe isoclinics were determined at ten degree 
inorenents fron O to yO degrees end at 45 degrees. The 9O-degres 150 
Glinie coincides with the Udegree isoclinic and nas used as مج‎ cheek point. 
Similarly, the d5-degree ígoclinic is aymmetrical about the axis of 
symmetry for & modei leaded on tne axis of symmetry and tnis isocilinic 
sas used to check the symmetry ot Losülng as well as the accuracy of the 


sero-setting of the polarizer. 
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C. DEALGN AND CONSTRUCTION OF THK LOAD FRAME 





There aru several requirements for esy loading systez and thease 
might Le loosely sab-divided inte those pocuiler to tho rarticnlsr systems 
ond those whieh apply regardless of how the load eyuolen is to be used. 
The loading frase which waa deeigned xg constructed incident to thls 
thesis wab envisíoned su sn edóition to the equipment of the Skipa 
Stractare Laberstery, Rasaachasetts Institute ol Technology, sad for this 
Fenton, greater attention to deteil wee given than would etnersige be 
the case for such د‎ small thesis. The vonsiderstions which vere enber- 
tained are listed below. bene of hese reculresenta have not been mel 
in the sense that modifications or additions not ebsolutely regubred fer 
this particalar thesis have not besa mides 

do The load frame must be able io sly either tension or 
conpressicon, 

4. Application and removal ef load must be sato tha 

3, The spplied load must be easily reproducibie, 

ko The orniibration of the load [raus should be single and 
Girect reading. 

5. The loading antl tha model must be melnisined in x position 
normal to the axie of the light. 

6, Deflection of the lead frame should be of mi lost one 
order of nagnitaude lower then tart expected in tae sodel in oeder thet 
Geflection of the model ia not influenced sensibly by deflaetion of tae 


freme and that the direstion of loxding does aot elenge. 
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7. The frame sust be scie to adjust easly to different 
tines and cimpes of هنا مهمه‎ 

ê. Kenote loading from the viewing position of the polari- 
seope La bighly ae#ireble. 

9, Horisontal and vertical sovensnt of tne freme is 80۷ئ6‎ 
to securately position the model, 
Description 

Figure I is the originel plen of the loading irese, designed to 
produce 8 concentrated Load of 1500 pounds at tue losd pointer, The 
existing desiga differs in small detala from thé drawing; toe most pro- 
minent of these is the increused height of tus vertical posts, hene have 
been increased in length to 30 inches. nere iù indicated on the plan a 
system for meinteining tie upper ari lower edges of thu models in e plane, 
This scheme taug abandoned from eccrecie considerations sines It wen not 
entirely certain that it would be required, 

The vertical posts of the load freme are 3% x 0.258" structural 
Aluminum ehennels. Calmiletions indicated theat tho pivet pin reaction would 
not exceed LOGO pounds and thet the deflection of the cuter poste would 
therefore not exceed 0.0953 inches, It was felt that it was necessary 
to remove the effect of this deflection frum che modal supports, e@eepeclaily 
since the deflection ia aot ayumetriosl, For th) reuson, the inner posts 
were &dded for the purpose of retaining and supporting the model. The 
3/4 holes ín the outer poets ere speced 2 inches apart, the holes im one 
pair being l inch lower than the other pair, ‘This zersite sdjustaent of 
the height of the loading besa in leineh incrementa. 

The steel pivot pin, about whieh the borging bees pivots, ia 


supported by two brass bushings in the 3/4" holes mentioned above., The 
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bushings are « light presse rit in tne holes and vere felt to be necessary 
to prevent elongation of the holes in the £lunimus channels with resulting 
loss of acoursey. Geflection of tie steal shaft ie culeuluted at 0.002 
inches, taking account cf sheer deflection end agxwming simple support in 
the bushinge. í 

The load beam is fitted with s Rorma-Hoffaen MI1Z-LL rvliler beuring 
reted kb 2910 pounds load at 25 revolutions per minute. Tuis is obviously 
better performance than is rejuired, but seversl considerations 6 
ite selection. It vas desired to «sep the sysciog ol tke vertical posts 
at about 1/2 inch in order to reduce the shise required to c.smp & 1/4- 
inch modal. “he lead pointer would be centered in the post spacing and 
therefore the bearing should not exceed the thicknoze of the beam, which 
was lisited by the post spucing. In addition, 1t wae recognised that the 
Losding bean would be tne critical part of the load frame, due te this 
limitation on ita thickness, «and therefore the diameter of tas bearing 
should be us Small &5 possible, Ball bearings, which wouid be preferable 
from the low-friction consideration, are not available under these limi- 
tations. 

The meximum moment anticipated in the lomdis boat Le 16,100 
pound-inches end the maximum Flexure strese is 21,000 pound per Euuere 
inch. The beam is 245-14 slloy and tbe yleld strength oi tnis xeteritl 
is 48,000 pounds per squere inch. Ultimate strength ie 68,000 pounds per 
square inch. These figures indicate e rather high stress level and 
investigation of the deflection to be expected shows that it wil? be 
a bout 1.00 inches at the free emi. Horevor, investigation end experi- 


enee hes shown thet losds oi over LOQO pounds are seldom required end thet 
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in general, an upper limit of 5U0 pounas might be accepted. In vervice, 
therefore, the probable Ceflection will be about Veil inches, 
The cross feed necsanisw sus made uy by the Ace Machine and ¿col 


curnished by ths writer 


Wa; 


Company of Cambridge, Kassachusetts from ex beker 
and no formel drawings ere eveiiable lor presentation. Figure V, 

however, shore the roller besrings Lnd hold-down Qeehenion as reli ag the 
Lethe zorew used to move the bed plete ant loading frame suroan the field 
of the poleriscopes Steel berring otrigs are &ttochod on the under side 

of the bed and the — beer direciiy on tnese. They ware Tell to be 
necossory since tha bed plate ls of "Q" temper uluminum, bat naránses 

of «hich is only about 22 Brinnell. 

The requiresent for «tooth loading was met by adoption of a nydraulic 
loading system. Chis consisted of a 5G-gullon tank which was gusgended 
from the losding beam b, a slider Identical in form to the one used to 
load tie model. ‘The tank is open et the top end is Pitted with two sill 
cocks «t+ tho bottom. Rater i» added or removed from the tan. by & tnree- 
way valve and systen of Sases sonnecting wiih tas cliy water meins. The 
threv-way valve is located st ihe viering sereen and may bé seen in 
Figure Il. In the "Loud" position, water ie admitted te the tene directly 
through the valve. In the "Unloed” ,oeition, water le directed to en 
ejector, which in turn renxoves ester Crom the tank at about <.5 gailons 
per minuto. the ejector is a commercial device used io drain hone 
veshing machines, It operates by a reduction in pressure resulting frow 
flow through +n orifico, end represents the least expensive ond most 
trouble-free type of pump evailable. 

Direct meesurement of the losd is achieved by use oi the SR-4 Tree 


A~7 electric strain guge. “he load pointer is cylindricul except for teo 


mir û »ساسا‎ al ie RO OC To 00ت‎ cug ده‎ ITA wt 
Mid ES thes of Le اه تاه‎ Matan, ad Nm 
۳ لقا مه وساب ډو‎ qs d) wüss Ex. mübanses hes] teow oll " 
vagie WB et نه لذ‎ A avant aaah تخو‎ de شه‎ 
v PU ssa) TU لاټ مشن سه »للا‎ 
em es Line سل ماحم سدس ما مايقب سمدم هه‎ ٣٢ 
Sant بب له‎  ++ +5 وی 7:0 ٗ+ب+‎ 
Bid. wad bad ac Bes. ome ails اه لام تحص‎ Lon 
ھم مه شا واه‎ ep مه مات‎ 1 
np — a 
مسا نر مالسا"‎ —— 
— — f os a a i yam vol ہے دي لسم‎ 
یغه 1ء تشم ند ست ميه‎ QUI که‎ 
sd fuo MAD edi تایا اہ اہ م‎ vellus ساخ اد‎ ind acd 
مد ات‎ MAS ننه‎ Mi سے ل سا آله نا سا‎ o مع‎ 
N DE ن ل‎ hart مس‎ w [ba Q کله‎ sasana mal a 
Uff Anan Ma VL sa j سای‎ usan Ñ مرج مسا تفت‎ 
+۰۱۰۰ , ا‎  ٔ اد‎ 70 
هه هس سم نا‎ — 
بب ٰٰٗ+, ,بر ل.‎ del سید ده پ‎ 
senis نت ېدب‎ gem جس‎ Wn لہ یھ‎ mul ol. 


































MEH ah‏ غا 
د ee ER, Vd‏ 
ب ی باس وو 





28 


small axial fletes meciined peraliel to Vue keeper groove Which holds the 
3/16-inch loed pin in place. One utrein gave ia mounted on escu of tnese 
end pieced in opposite arms on an external bridge cirealb. Tee more gages 
of the A-7 type are loceted in the other ures of the bridge end are used 
tor temperature compensation. Figure IV shows the slicer, load pointer 
and load pia in position. The compensating gages ure mounted on tae flat 
ber attached at the upper corner of the slicer, 

The maxima strain in the noínier i5 745 micro-inches per inah, under 
1500 pounds load. Calibration of the axial gages at their rated gage 
factor of 1.95 led to constants of 0.49 micro-inches por incon por pound 
end 0.496 aicro-inehes per inch per pound respectively lor the we gages 
separately. By operating et a yugo factor cf 1.94, with the axial gages 
in opposite arma of the bridge, a calibration of l,U niero-inohes per inch 
per pound wes &ttsined, leading to extremely simple determino Lion of load 
magnitude, The external bridge vee connudted to « Beldwin Type L Etrein 
indicetor and it ie estimated that the lord is known to withis 2.5 pounds 
over the range, based on the resolution of the etreins indiostor. 

The loading freme hes boen usec only for compressive loads and in 
this reepect it hae performed es enjécteú. The matnod of clamping the 
model appears to be watielactery and it le not satiolresated that any Giffi- 
oulty will bs met in adapting the [reme for tensile loeds, pure bending 
or any other type of loading which may, in future vork, be required. 

The iosding bere on water tana nivo proved to be < satisfactory 
arrangement, Snooth variation of the load as vell as reproducinility 


have been demonstrated, Deflection of the bean ie felt io bs excessive 
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and it is difficult to achieve zero losd, dus to ibe weight of the tenk 
aná bean. The load pointer hus been very ouiilofactory and represents 
un improvement over several loading frames described in le literatura 
in that calibration of the tank is not necessary. In addition, it is 
not necessary to determine to load as 4 function of the Lever ure of the 
tank. 
Bssousendutlons 

Probably the wost signiiicsnt change whieh might be wade in the 
load frame is in the loud deem und water tank, in order to Facilitate 
achieving zero lord and reduces the deflection of the beam, 4ne cige of 
the tank could be reduced to tairty gulions or lese end thus cut ¿ita weight 
nearly in half. The uve of steel for the beam would reduce the deflection 
by about ose third, but at the cost cif some of the weight gained by 
reduction ef the vise of thw tank. Counter balancing of the tone would 


then be pructicsi and zero loed gould ba echieved. 
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FIGURE II 


üenersl View of the Polarizcope und Load Freue 


Hote the threa-wey valve in the foreground, clase to 
the viewing screen end the strain indicator. 











FIGURE 111 


Load Frame and Welghing Tank 
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FIGURE ۷ 


View of Load Pointer and Pin 


Nose the dummy compencuting strain gage 
strip and the method of clüemping the sodel. 
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FIGURE Y 


View of “rorsfeed Nechanism 


Bote the rollers end the hold-down clips, which 
keep the bod plote agxlnabt toe rollers undor the 
moment of the applied load, 

















Figure VI (a) 
TOOCLINIC PATTERN 
Aspect satio 2:1 
«nstiffened Plate 
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Figure VI (b) 
ISCOLINIC PATTERN 
Aspect Ratio 211 

Stiffened Plate 
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Aspect Ratio 5:1 
Stiffened Plate 


ISOCLINIC PATTERN 


Figure VIII (b) 
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Figure IX 


DISTORTION PATTERN 
of 
One-inch Square Grid 
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P (tensile) stress 


Q (compressive) stress 


Figure X 
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